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A bstract
The neutron beta-decay lifetim e plays an im portant role both in understanding weak interactions within the fram ework of
the Standard M odeland in theoreticalpredictionsofthe prim ordialabundance of
4
He in Big Bang Nucleosynthesis.In previous
work,we successfully dem onstrated thetrapping ofultracold neutrons(UCN)in a conservativepotentialm agnetic trap.A m ajor
upgradeoftheapparatusisnearing com pletion attheNationalInstituteofStandardsand Technology CenterforNeutron Research
(NCNR).In ourapproach,a beam of0.89 nm neutronsisincidenton a superuid
4
He targetwithin the m inim um eld region of
an Ioe-type m agnetic trap.A fraction ofthe neutronsis downscattered in the helium to energies < 200 neV,and those in the
appropriate spin state becom e trapped.The inverse process is suppressed by the low phonon density ofhelium attem peratures
lessthan 200 m K ,allowing theneutron to travelundisturbed.W hen theneutron decaystheenergetic electron ionizesthehelium ,
producing scintillation lightthatisdetected using photom ultipliertubes.Statisticallim itationsofthe previousapparatuswillbe
alleviated by signicantincreasesin eld strength and trap volum e resulting in twenty tim esm ore trapped neutrons.




Theneutron lifetim eisan im portantparam eterin m od-
elsofBigBangNucleosynthesis(BBN)aswellasotheras-
pectsofphysicsincluding the num berofneutrino  avors.
Alongwithprecisem easurem entsoftheneutronbeta-decay
correlationcoe cients,theneutron lifetim ecan help toex-
perim entally determ ine the  rstelem entin the Cabibbo-
K obayashi-M askawa (CK M ) m atrix,Vud.Precision m ea-
surem entsofthe rstrow yield a strongtestoftheunitar-
ity ofthism atrix.Seerecentreview articles[1],[2],and [3]
fora com plete overview ofthe im portance ofthe neutron
lifetim e.
A currently published averagevalueofthe neutron life-
tim e,(885:7 0:8)s[4],iscom posed ofseven statistically
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consistentm easurem entsusing two techniquescom m only
referredtoas\beam "and\m aterialbottle"m easurem ents.
A singlem aterialbottlem easurem ent,however,dom inates
theprecision ofthisaverage.Additionally,them ostrecent
m aterialbottlem easurem enthascom parableprecision [5]
butisnotincludedinthisaverageasitism orethansixstan-
dard deviationsdiscrepantfrom theParticleDataG roup’s
value.Thispaperdescribesthedevelopm entofathirdtech-
niquethatcom binesm agneticcon nem entofneutronswith
event-by-eventdetectionofdecays[6,7].Thisnew approach
hasa fundam entally di erentsetofsystem aticuncertain-
tiesthan thoseofpreviouswork and o ersthe prom iseof
com parablestatisticalprecision astherecentm aterialbot-
tleresults.Assuch,itshould play a signi cantrolein the
resolution ofthecurrentexperim entalsituation.
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Fig.1.Background subtracted neutron decay data taken at N IST.
The upper curve represents data taken with a constant m agnetic
eld.The m iddle curve is data taken after the trap eld is lowered
briey to rem ove the above threshold neutrons.The lower curve is
data taken with naturalisotopicabundancehelium ,whereonewould
expect no trapped neutrons due to capture on 3H e.
2. Experim entalM ethod
O urm ethod utilizesultracold neutrons(UCN)con ned
within a three-dim ensionalm agnetictrap.Energy dissipa-
tion oftheneutronsm ustoccurwithin thetrappingregion
duetotheconservativenatureofthetrap.Thisoccurswhen
12 K neutrons(0.89 nm )downscatterin super uid4Heto
nearrestviasinglephonon em ission [8].TheUCN then in-
teractwith them agnetic eld via theirm agneticm om ent,
n.Fortheneutron,n isanti-paralleltoitsspin,thuswhen
the spin isaligned with the m agnetic  eld,itwillseek to
m inim izeitspotentialenergy by m oving towardslow  eld
regions.The energy ofthe downscattered neutronsislow
enough thatthespin adiabatically followsthedirection of
the m agnetic  eld throughoutthe orbit.ThusUCN with
energiesbelow thetrap depth and in thelow- eld-seeking
statearetrapped.
TheUCN population istherm ally detached from thehe-
lium bath allowing accum ulation ofUCN to a density as
high asP ,where P isthe supertherm alproduction rate
and  is the UCN lifetim e in the source.Neutron decay
eventsare detected by turning o the cold neutron beam
and observing the scintillation lightcreated by the beta-
decay electrons.W hen an electron m oves through liquid
helium ,itionizeshelium atom salong itstrack.These he-
lium ionsquickly recom bineintom etastableHe
2
m olecules
thatare in excited states.About35 % ofthe initialelec-
tron energy goesinto the production ofextrem e ultravio-
let(EUV)photonsfrom singletdecays,yielding approxi-
m ately22photons/keV.TheseEUV photonsarefrequency
down-converted to blue photons using the organic  uor
tetraphenyl-butadiene(TPB)coated onto a di use re ec-
tor surrounding the trapping region.This light is trans-
ported viaopticstoroom tem peratureand detected bytwo
photom ultiplier tubes operating in coincidence.O ur de-
tection m ethod allowsusto observeneutron decay events
in situ and thereforedirectly m easurethefulldecay curve.
Using our prototype apparatus,neutron trapping data
wastaken in a num ber ofdi erentexperim entalcon gu-
rationsprim arily forinvestigating system atice ects.This
data isdiscussed in detailin Ref.[9]and shown in Fig.1.
The raw neutron decay curve exhibits a trap lifetim e of
621
+ 18
 17 (stat)s.The low centralvalue suggeststhatthere
existneutron trap lossm echanism sotherthan beta decay.
Theselossesarearesultofthepresenceofabovethreshold
neutrons.W e have shown thatthese neutrons can be re-
m oved from thetrap by brie y loweringthem agnetic eld
im m ediately aftertheloading period,causing theneutron
orbitstoexpand and intersectthem aterialwallswhereab-
sorption can occur.Asseen in Fig.1,data collected using
this eld-ram ping procedureexhibitsa lifetim e consistent
with the world average, = 831
+ 58
 51 (stat) s,albeit with
a large statisticaluncertainty.In this data,the  eld was
lowered to 30 % ofitsm axim um value im m ediately after
theneutron beam wasturned o .In addition toany above
threshold neutrons,the ram p  ushesapproxim ately 50 %
ofthefully trapped neutronsfrom thetrap.
Usingtheseresultsand ourcontinuingstudiesofsystem -
atice ects,anextgeneration apparatushasbeen designed
and iscloseto being operational.O urexperim entalexplo-
ration ofsystem atic e ects using the previous apparatus
wasseverelylim ited bycountingstatistics.However,ofthe
signi cant system atic uncertainties,including m arginally
trappedneutrons,3Hecontam ination,gaindrift,andback-
ground subtraction,the largest were of the sam e order
as the statisticalprecision.Additionalstudies with that
apparatuswould nothave been productive.Forexam ple,
each system aticstudy required approxim ately7-10daysof
beam -tim eand theentiresetofdatatook closetooneyear
to collect.Itwasessentialthatwe incorporate ourprevi-
ously developed K EK trap intotheapparatustom ovefor-
ward.
3. N ew ly D eveloped A pparatus
Attheheartofournew apparatusisahigh-currentIo e-
type m agnetic trap.This trap consists ofan accelerator-
typesuperconductingquadrupolem agnetthatprovidesra-
dialcon nem ent com bined with two aligned low-current
solenoidsthatprovideaxialcon nem ent.The quadrupole
m agnetison loan from the High Energy AcceleratorRe-
search O rganization (K EK )laboratory in Japan whilethe
two solenoids were designed and constructed in collabo-
ration with Am erican M agneticsInc.The new trap hasa
depth of3.1 T and trapping volum eof8 l.A com pletede-
scription ofthisand ourlower-currentprototypetrapscan
be found in Ref.[10]and a photograph ofthe K EK trap
isshown in Fig.2.The quadrupole operatesata current
of3400 A and the solenoidsat250 A,with both m agnets
protected with eithersilicon-controlled recti ers(SCR)or
diodes.The protection for the quadrupole,for exam ple,
usesSCRscoupled toadum p resistortoattenuate95% of
thestored energy within 1.5s.Thecurrentfrom theroom -






Fig. 2. Photograph of the K EK m agnetic trap showing (a) the
solenoids,(b) the quadrupole within an alum inum support.
genichelium bath usingapairof5000A high-tem perature
superconducting(HTS)currentleads[11].Theseleadssig-
ni cantlyreducetheheatloadstothecryostatascom pared
to conventionalvapor-cooled leads.A second set ofHTS
leadsareused forthe250 A entry.To additionally reduce
helium consum ption,we incorporated into the apparatus
twocryocoolers,each with 1.5W ofcoolingpowerat4.2K .
The totalliquid helium consum ption ofthe apparatus is
held to below 100 l/day.
The trap assem bly hasbeen tested in the new cryostat
(Fig.3)and reached > 85 % ofitsdesign valuebeforethe
 rstquench.Successive m agnettraining wasnotpossible
on this rstattem ptduetoam alfunction in oneofthecry-
ocoolers.However,in a separatetestwith them agnetori-
ented vertically,them agnetwastrained to thelim itofthe
vapor-cooled currentleadsin thedewar,reaching > 90 %
oftheload line.
Fig. 3. The new apparatus on the N CN R beam line. The neutron
beam enters from the left;the lightdetection system can be seen at
the center-right.
To m echanically supportthe m agnetic trap while m in-
im izing the heat-load into the liquid helium bath,we de-
signed and tested two cryogenic support posts (Fig.4)
based on a design by T.Nicoletal.atFerm ilab [12].The
body ofeach postis a 19 cm long,19 cm diam eterG -10
 berglasstube with 1 m m wallthickness.Equally spaced
alum inum  angesat300K ,77K ,and 4.2K providelateral
m echanicalsupportforthetubeand boltholesforattach-
m ents to the dewar.The posts were load tested with an
activeload of1360kgatroom tem perature.Theheat-load
from each postiscalculated to be 0.35 W at4.2 K .
Fig.4.G -10 berglass/alum inum supportpostforthe Ioe m agnetic
trap;cross-sectionalschem atic (left)and a photograph ofone ofthe
posts (right).
A \U"-shaped dewar houses the m agnetic trap and is
shown in Fig.3.O n the beam -entrance end,the vertical
towerhousesan O xford1 4003He-4Hedilution refrigerator
that is used for cooling the helium - lled targetcell.The
second towerhousesthecurrentleadsforthem agnetsand
providesa liquid helium reservoirforthesuperconducting
m agnets.
Neutrons enter the trapping region through a seriesof
per uoroalkoxy (PFA) Te on/beryllium windows on the
dewar[13].Interlocking tubes ofboron nitride (BN) sur-
round thebeam and shield the dewarfrom scattered neu-
tronsto m inim ize backgroundsfrom neutron-induced ac-
tivation.The rem aining beam is absorbed at the end of
thecellby theacryliclightguide.W ehaveshown thatthe
neutrons absorbed in the acrylic do not cause signi cant
colorcenterform ationatourpresent uencesandhencewill
notdegradethelightdetection e ciency[14].Non-trapped
neutronsscattered within thehelium - lled trappingregion
areabsorbedbyhigh-purityBN shielding(3m m wall)exte-
riortothelightdetection system .Thin carbon tubes(1m m
wall)linetheBN to absorb any neutron-induced lum ines-
cence originating from colorcenter form ation in the BN.
Thehelium iscontained in a stainlesssteel(SS)tubethat
extendsthrough the length ofthe m agnetand housesthe
shielding and lightguides.Therm alisolation ofthe 25 kg
cellassem blyisachievedbysuspensionateachendbythree
pre-tensioned 2.6 m g/cm Zylon yarns.
Thetrapping region containsisotopically pure 4He(less
than 5  10 16 parts 3He [15])2 that is cooled to T <
200m K to reducephonon upscattering.Thehelium in the
trapping region istherm ally connected to the dilution re-
frigeratorusingasuper uid helium heatlinkasopposed to
1 A ny m ention ofcom m ercialproducts or reference to com m ercial
organizations is for inform ation only;it does not im ply recom m en-
dation orendorsem entby N IST nordoes itim ply thatthe products
m entioned are necessarily the best available for the purpose.
2 For m ore inform ation on A ccelerator M ass Spectrom etry (A M S)
m easurem ents to directly verify the isotopic purity see R ef.[16].
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copperlinks.In addition to acting asa helium  llline,the
helium heatlinkm inim izeseddy-currentheatingin thecell
when them agnetic eld strength ischanged.
Thelightdetection system consistsofa11.4cm outerdi-
am eterG oretex tubewith a thin layerofTPB evaporated
onto theinnersurface.Theend ofthetubeisviewed by a
11.4cm diam eteracrylicrod thattransportsthelightout-
sidethem agnetbore.Thelightexitsthe< 200m K region,
passesthrough a0.6cm thick acrylicwindow at4.2K ,and
then into a 14 cm diam eteracrylicrod thattransportsthe
lightoutsideoftheapparatus.O nceexitingthevacuum re-
gion,thediam eterofthislightguideisreduced to 11.4cm
in ordertobettercouplewith downstream photom ultiplier
tubes(PM Ts)through a W inston coneoptim ized forthis
geom etry [17].Thelightisthen divided using a Y-shaped
acrylicsplittertocouplethelightintotwo12.7cm diam eter
PM Tsthatareoperated in coincidencem odetoreduceun-
correlatedlow-tem peraturelum inescenceand dark-current
backgrounds.
Pulsesare digitized using transientwaveform digitizers
and stored for o -line analysis.This allows one to vary
lower-levelthresholdsin software.Background eventsaris-
ingfrom cosm icrayspassingthroughtheacrylicandhelium
are actively vetoed using an array ofscintillation paddles
thatsurround thelowerhalfoftheapparatus.Background
radiation from instrum entsin the surrounding area could
also introducebackground events,so the whole lowersec-
tion oftheapparatusisshielded by 10cm oflead and 5cm
ofpolyethyleneatroom tem perature.Therem ainingback-
groundsarisefrom neutron-induced activation ofm aterials
withinthedetectionregion,neutron-inducedlum inescence,
and gam m a-raysCom pton scattering within theacrylic.
4. Im provem entsand Future D irections
Data taken using ourpreviousapparatus(Fig.1)indi-
cated thatweweretrapping approxim ately 3000 neutrons
per llcycle.O nce the m agnetic  eld ram ping procedure
was com plete,approxim ately 1600 neutrons rem ained in
the trap.Scaling to both the larger volum e and greater
depth ofthe new K EK trap,the num beroftrapped neu-
tronsatNIST isexpected be approxim ately 4:5 104,or
about5 cm  3 ,aftera sim ilar30 %  eld ram p.Assum ing
thattheoveralldetection e ciency showsthesam ebehav-
iorasa function ofposition within the trap,the observed
decay rate willbe increased by a factorof 20,allowing
system atic teststo be perform ed in daysnow asopposed
to theweeksrequired previously.
The UCN production rateshave been calculated using
a M onte Carlo sim ulation thatbeginswith the polychro-
m atic neutron beam ,incorporatesBragg di raction from
the 0.89 nm neutron m onochrom ator,and propagatesthe
0.89 nm neutrons into the m easurem ent cell.W ith this
code,wewereabletoreliablypredictthenum beroftrapped
neutrons in the previousapparatus[14].Estim ates m ade





detection system ,cooling system ,and neutron optics are
scaled versionsofthe previousdesign.Thisgivesushigh
con dence in the predictions ofthe num ber ofneutrons
trappedaswellasthedetectione ciencyforthenew appa-
ratus.Forthesensitivity estim ates,wehaveassum ed both
thatthebackgroundsscaleappropriatelywith thevolum es
ofthevariouscom ponentsofthesystem and thatdetection
e ciencieshaverem ained the sam eeven though im prove-
m entsin both ofthesesystem sarebeing im plem ented.






















 3 Photoelectron Threshold
Fig. 5. A verage num ber of photoelectrons per decay. M easured
(points) and calculated (lines) as a function of position along the
cellaxis.
An experim entalcalibration ofthe detection e ciency
usinga 364keV 113Sn beta linesourcewasperform ed dur-
ingthepreviousdatacollection run and hasbeen used asa
benchm arkforoptim izingourlightcollection system using
theCERN M onteCarlocodecalled G uideIt.M odi cations
to thiscodewereim plem ented to m orerealistically gener-
ateaphotonsourcedistributioninthem odeledTPB geom -
etry dueto a pointsourceofEUV photons.In reality this
willbe along ionization tracksin the helium with lengths
on theorderofa centim eter.Howeverapointsourcesatis-
factorily reproducesthedata (Fig.5).
Itwasdeterm ined thattwo com ponentsoftheprevious
lightcollection system resulted in excessiveattenuation of
photons and have been elim inated in the currentdesign;
theB2O 3 beam stop and a sapphirewindow at77 K .The
beam stop wasoriginally installed to m inim izeany activa-
tion and colorcenterform ation in theacryliclightguides.
In independenttests,we have determ ined thatneitherof
theseissuesareaproblem and thushaverem ovedthiscom -
ponent in the new design.The sapphire window was in-
cluded to provide good therm alconductivity for cooling
the77K lightguide,therebyreducingtheheat-loadstothe
experim entalcell.In thenew design,wehaveextended the
distancebetween the77K and 300K end  angessuch that
a longerguidecan beused.Based on resultsfrom an AN-
SYS  niteelem entanalysisoftheheat ow in thenew 77K
4
guide,the sapphire willno longerbe needed.From these
im provem entsandoptim izations,weexpecttogainafactor
of1.9in averagelightcollection e ciency,ascan beseen in
Fig.5.Such an im provem entwillallow usto increasethe
lowerdiscrim inationlevelsandthussigni cantlyreducethe
com ponentofthesignalarising from background events.
Additionally,new designs for therm aland m echanical
clam psto the 77 K lightguide elem entwillalso im prove
perform anceofthe new apparatus.In orderto ensurethe
fulltherm alcontactat77K andavacuum sealat300K two
 angeswereprecisely m achined to havean innerdiam eter
sm aller than the outer diam eter ofthe acrylic rod.The
rod wasthen cooled to77K such thattherm alcontraction
allowed itto slide through the room tem perature  anges.
However,upon sim ultaneouscooling ofthealum inum and
the acrylic,the dim ensions are such that fullcontact of
them atingsurfaceswillrem ain untiltem peraturesarewell
below 77K .Upon repeated vacuum ,and cooldown cycling
thisguideelem enthasreliably perform ed itsfunctions.
The apparatus is presently on the beam line at the
NCNR (Fig.3).Ithasbeen successfully cooled,the m ag-
nethasbeen tested,helium hasbeen lique ed into thecell
and cooled with thedilution refrigerator.During ournext
cooldown,the goalisto introduceneutronsinto the trap-
ping volum eand con rm theexpected num beroftrapped
neutrons.
In addition,wewillcontinueto addressourunderstand-
ing of the largest potential source of system atic uncer-
tainty,m arginally trapped or above threshold neutrons.
A 3-dim ensional num erical grid of the solenoidal and
quadrupole m agnetic  eld wascom puted using the Radia
plug-in to M athem atica software.Using a sym plecticinte-
gration code [18],neutrons are then tracked through the
resultant potentials in both cases where  elds are static,
and where the quadrupole  eld is ram ped down and the
solenoid  eld is xed.Based on an opticalapproxim ation
forthem aterialFerm ipotential[19]attheTPB/G oretex,
BN and graphitewallsofthetrap,thism odelpredictsthe
likelihood ofthe tracked neutron to be absorbed in a m a-
terialsurface orto be re ected back into the cellregion.
Thusitisused to determ inethecum ulativesurvivalprob-
ability ofeach neutron asa function oftim e.W e plan to
quantify the ratio ofthe integrated survivalprobabilities
ofUCN above threshold and below threshold for various
 eld ram ping strategies.In an idealized theoreticalstudy,
wewillquantify the system aticerrorin the m ean lifetim e
estim ateasa function ofthe relativefraction ofsurviving
abovethreshold UCN and adecaytim eparam eterfortheir
survivalin the trap.Asa physicalgrounding,neutron re-
 ectom etry m easurem entsofthecellwallm aterialswillbe
perform ed,and these m easured valueswillbe updated in
them odel.
A signi cant bene t ofthe new apparatus is that the
increased countratesexpected willgive usam ple tim e to




beobtained from thescalingofm easured trap lifetim easa
function of eld ram p param eters.O nce these system atic
studiesare successful,we willthen pursue m easuring the
neutron lifetim e.
Assum ingthesam edetection e ciency(although weex-
pectasigni cantim provem ent)and thesam ebackgrounds
from otherinstrum ents(scaled appropriately with the in-
creased volum esofthenew apparatus),weanticipatethat
wewillbe ableto perform a m easurem entwith a statisti-
calprecision corresponding to < 2:4 sin a 40 day reactor
cycle.W ith theim provem entsdiscussed above,am oreop-
tim isticestim ateplacesthisvalueat1.5s.Such am easure-
m entwould play in im portantrolein clarifyingthecurrent
uncertainty surrounding theneutron lifetim e.
Thiswork wassupported by theNationalScienceFoun-
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